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COmBNT GLYCERINE-PHOSPHATE ELEOTOLYTE 

RELATED APPUCATIONS 

,00„ T. .es.. .p...«on . a ^ ^ 

..,0.M.ea3n7«003wM0H.pe„..S-i„co.o..ea.e,e..y«fe»oeU,e«.o. 

BACKGROUND OF THE DWENHON 

• , „„ is rela^d .0 an dec«>.y.e solution for anodiring aluminun, 
100021 The present mvenUon is relatea 10 dn 

,efcUfor.eine,ec,ro>y.iccapac«otsan<i.hecapacit„«— gthisanodero... 
anodefoilforosem . „f ,he dvcerine andoithophosphate- 

,n»,itor toil for applications requiring extreme 
«.,n.ions traditionally used to anodize a— oapactor fo PP 

■ „of«.efoi.beinganodizedina,«eonsphosphatesolu.ionsincrea«s«.th 
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components in amounts sufficient to interfere with the anodizing process. 
100051 The difficulties encountered with aqueous phosphate anodizing of aluminum foil for ■ 
use in relatively low voltage capacitors are such that, in spite of the superior electrical stabiUty of 
foil anodized in phosphate solutions, nearly all of the low voltage foil produced today is anodized in 
non-phosphate solutions with the exception of a relaUvely small amount of phosphate which may be 
present to help impart hydration resistance. Due to the voltage limitations of aqueous phosphate 
anodizmg solutions mentioned above, intermediate and high voltage capacitor foils have not 
traditionally been anodized in aqueous phosphate solutions. 

100061 Aluminum electrolytic capacitors for use a. intermediate voltages typically contain 
anode foil hydratedby passing the foUthroughaho. water bath priorto anodizing, as definedinUS. 

Patent No. 4.582.574. H-ese cap^itors are typically for use at voltages from 150 to 250 volts and 
contain anode foil anodized to about 200 to 350 volts. This pre-anodizing hydration step is carried 
„u, in order to reduce the amount of electric current reqmred to form the anodic oxide dielectric 
layer and is nomrally appUed to foils to be iodized to 200 volts and above, as described m U.S. Pat. 
No. 4.481.073. By carefully adjusting the parameters of the pre-anodizing hydration process, as 
described in U.S. Patent No. 4,242.575. the hydration process may be successMy employed with 
foils which are anodized to voltages significantly less fl»n 200 volts. The «.ergy savings associated 
with the pre-anodizing hydration process is sufficiently pea, that the vast majority of aluminum foil 
manufacmred today is processed in this manner. 

,00071 The crystallinity of the anodic oxide present on aluminum anode foil is another facU>r 
directly determining the cos. of the foil for a given rating of capacitor. Crystalline anodic aluminum 
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•t thickness than does amorphous anodic aluminum 
■A. h^ a higher withstanding voltage per umt thickness than 

,M«81 Cry^taUine anodic aluminmnox.de may be lead-lyp 

.. ,..ofdicarboxyUoaeidsasmeprimaryionogen,a,descnbedm 
anode foil in solutions oonummg salt, of dicarboxyl tenerally at 

„S Pa. Ko 4.«.,0S.. Mod.o„xidefo™a«oninsoluti„nscfdica*oxyboac.dsa..(sene. y 
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ooH^nre at a given anodizing voltage. 
• c in both energy and foil consumed per umt capacitance at a give 

Zl,bee^edby.emelu..onofa.al.amoun.ofan...b^^^^^^^^^^^ 
,L . ^0 acid o, ei.c acid) . .e anod^S e.»»o.y.e solution, as desenbed 1^^ ^ 

L ..1.0.. .e lendene, of an^tic aluminum oxide » abso* «a., » » 
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.ydmtion stati-s of d-e oule^os. potion of .e anod.c ox.de a. ti.e end 

LiUenfeld, m L. „„„f,henower loss; and fl«t the progress.ve 

adjacent the film-electrolyte interface, which causes most of the powe 
d^elopmentofhydrationattheinter^ecausestheaforesaidinstabil..,." 
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[00010] Alwitt, in U.S. Pat. No. 3,733,291, describes a method of removing the residual 
hydration layer from the outer surface of anodized aluminum capacitor foil which has been exposed 
to a pre-anodizing hydration step (Alwitt refers to this as a "preboil") prior to anodizing in order to 
conserve electrical energy during anodizing. Alwitt employs a dilute phosphoric acid solution, 
generally with a small chromate content (to inhibit corrosion), to dissolve the outer, hydration layer. 

[00011] In addition to the problems associated with the residual hydration layer on anodized 
foil, which has been processed through a pre-anodizing hydration or preboil step prior to anodizing, 
there exists another potential problem with the stability of the anodic oxide grown on preboiled 
aluminum foil. The formation of the anodic oxide on preboiled foil takes place via a dehydration 
reaction in which the layer of pseudoboehmite (i.e. hydration product) is progressively dehydrated 
from the foil-oxide interface outward. Apparently, the dehydration does not take place through the 
ejection of water molecules but rather through the ejection of hydrogen ions and the hberation of 
oxygen gas within the body of the oxide. The liberated oxygen gas may become trapped within the 
anodic oxide, rendering the oxide susceptible to cracking and dielectric failure in service. This topic 
is treated well in the article, entitled: 'Trapped Oxygen in Aluminum Oxide Fiteis and Its Effect on 
Dielectric StabiUty", by Walter J. Bernard and Philip G. Russell (Journal of the Elecfrochemical 
Society, Volume 127, number 6, June 1980, pages 1256-1261). 

[00012] Stevens and Shaffer describe a method of determining the concentration of oxide 
flaws as a function of distance from the metal-oxide interface for trapped-oxygen flaws which are 
exposed via thermal relaxation steps followed by re-anodizing under carefully controlled and 
monitored conditions ("Defects in Crystalline Anodic Aluminum", by J.L. Stevens and J.S. Shaffer, 
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^^^^^^^^.S^^^^^M^ volume .33. number 6, June 19S6, pages .160-1 162). 

,000.3, S^UzaSon pro«s.es have been developed which te^i .o expose and repa. ».pped 
ox^en flaws (h, anodicox.de fihnsonp.honedroUs)aswel, as in,pa.h^«on,.sis^ce.d,e 

oxide«hn.Exan.plesof«.esep™cessesa.desc.hedinU.S.Pa..Nos.4.113.579and4.437.«^ 

,000.4, For n^ximun. anodic oxide ah„ stabiUty on alun,innn. foil. i. is desirable . ^ ^ 
^ic fh. in a phosphate so,n«on and, again. ^ n^in,nn, stability via n,axi»„n. phosphate 
.nten. throughout the oxide thic^ess. d,e foi, should not he preho.ied pHor to the anod^g 

process. 

,000.5, The skiiled artisan has therefore been Ihnited in the ability .o fomt oxides on .he 
anode athigh voltage. par.icularlywithphosphateinco,porationin.o the oxide layer. 

BMEF SUMMARY OF THE DWENTION 

,000,6, It is an object of the present invention to provide an improved process for anodizing 

aluminium. 

,000,7, It is another object of me present invention to provide a process for anodizing an 
.untinu. surface athighvoltage.over .20 volts, incorpora^ngtheadvantagesofferedbyphos^^^^^ 

intheoxidelayer. This has previouslybeeuunavailable to those of ordinary skill inthe art 

,00..,, A particular feature of the pre«n. invention is that one variation of .he electrolyte 
f^ily .escribed in U.S. Pa.. Ho. 6.40,.905. i.e. glycerine-based electrolytes containing 
orti^ophosphate as the anionic portion of the ionogen ntay be used to anodize alu«tinu« foil to hrgh 
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voltages, for example 1000 volts. The use of these electrolytes, then, overcomes the limitations of 
traditional aqueous phosphate electrolytes in so far as the maximum anodizing voltage achievable 
with aqueous electrolytes (i.e. 220 volts, as given in U.S. Pat. No. 3,733,291) may be exceeded by 
many hundreds of volts. Furthermore, the use of low-water content glycerine-based, 
orthophosphate-containing electrolyte solutions for anodizing aluminum avoids the corrosion of the 
anode foil by essentially eliminating the subsequent formation of aluminum phosphate precipitates 
which normally occiu-s during the anodization. 

[00019] A preferred embodiment is provided in a capacitor comprising an aluminum anode 
and a dielectric layer comprising phosphate doped aluminum oxide. Particularly, the anodic 
dielectric comprises, at least, 25%, by weight, aluminum phosphate and the capacitor manufactured 
therefrom is capable of withstanding greater than 250 volts. 

[00020] Yet another embodiment is provided in a process for preparing a capacitor. The 
process comprises fabricating an aluminum plate. The plate is contacted with an anodizing solution 
comprising glycerine, 0.1 to 2.0%, by weight, water and 0.01 to 0.5%, by weight, orthophosphate. A 
voltage is applied to tiie aluminum plate of at least 220 volts. 

[00021] Yet another embodiment is provided in process for preparing a capacitor. The process 
comprises fabricating a, preferably etched, aluminum plate. The plate is preferably pre-hydrated and 
then contacted with an anodizing solution comprising glycerine, 0.1 to 2.0%, by weight, water and 
0.01 to 0.5%, by weight, orthophosphate. A voltage is applied to the aluminum plate and an initial 
current is determined. The voltage is maintamed until a first measured current is no more than 50% 
of the initial current. The voltage is then increased and initial current redetermined. The increased 
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achieved 



. . « oroduc a hydrated oxide coating on pla.e; contacting the plate ».th an 
hot/boiling water to produce a nyordic 

.^..,n«o„co.pns...,cc.e,0.,.o.....,wei^.--0.0,.„0.3..wet.. 
„«Hat.app..n..posi«ve™>ta..t.ea.nnin™n,a.eanddete™.n.an-c^ 
^^.dteti.tvo.ta.nn.i,ar.t™ea.ntedc«tenti.nontot.t.an.0..o..e„nt.c^ 

._.,..vo,ta.^— — ^^"•"-"""^.""t 
^.n.easntedcnttenti.nontotct.^SO.o.t.ctedetetn.edi...a,c„t«n.^ 

• . • • „fV,P increased voltage until a final voltage is achieved, 
increasing of the voltage and maintainmg the increased g 

BRIEF SUMMARY OF THE DRAWINGS 

•„ rv Product as a function of Maximum l^' Formation 

1000231 Fig. 1 is a chart lUustratmg CV Product as 



Voltage. 



. . harts of CV Product as a function of frequency for anodes anodized to 
[000241 Figs. 2-4 are charts ot rrouu^ 

300 V 550 V and 800 V respectively. 

. • wofCVProductasafunctionofformationvoltageatafrequencyof 
[000251 Fig. 5 is a chart of CV FroQUCx 



120 Hz 



Pi. 6 is a device o. t. present invention con^Hsin, a capacitor «it. an anode 



NPGVL1:184066.1.P-(JTG) 03143WI0028 



anodized in accordance with the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
,00.1 The .ventors of the present application have fonnd a particular modification of the 

c I f«r th«» anodizing of aluminum foil to 
•t. ^ ■ TT Q Pflt No 6 409,905 to be useful for the anoaizmg u 
electrolytes described mU.S. Pat. NO. o.^u:/,:' 

..... -a... ™. . — - » — - '° "J 

0 01% .0 0.1%, by weigh, dep^atog upon *= maximum desire vo.»ge. 
■ ^ee>ec«,.v«so,u.,co^p.».^esaUmay.eauammo.ump.osp.,a.e,ana«. 

„e.p.».Ka.a„ami„epHo..a.o. — d.e^..S..a.,ea.a.ime.s..i..ud..« 

^ .u... .0, m^cdium p.o...e, di-po-um p.o.>.e. a„d sod,>. PO.a..>m. 

, • , Knt are not limited to. mono-ammonium phosphate or 
phosphate. Suitable ammonium salts include, but are not Imute 

di-ammonium phosphate. 

,0„0Z„ The so.u«o. employed .ay he vaHed over a wide r^, for example, 

.om .empe«»e, o. ahou. a.C, . a.u. ..C, h„. .e ^ ^a mo. — ,y 
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maintained between about 80°C and 105°C. In this range (i.e. about 80°C and lOS-'C) the water 
content of the electrolyte will tend to be automatically maintained between about 0.2% and 1.0% by 
contact with the atmosphere through the vapor pressure of the water present and the hygroscopicity 
of the glycerine solvent. 

[00030] It is preferable that the anode metal is placed into the anodizing solution followed by 
sequentially increasing the voltage stepwise with current age down prior to the next increment. The 
voltage increase is preferably done in increments. The maximum size of the increment is chosen to 
be less than that necessary to create failure in the oxide. As the resistivity of the anodizing solution 
increases, the maximum voltage step which can be implemented without oxide failure increases. 
Based on the present invention, a voltage step of less than 75 volts is preferable. Higher steps can be 
taken, particularly at higher voltages with high resistivity anodizing solutions, yet the time required 
for adequate age down increases and therefore no substantial benefit is observed. Smaller voltage 
increases can be employed with the disadvantage being loss of efficiency. It is most desired that the 
voltage increase be at least 20 volts per step to optimise the efficiency without compromising 
product quality. A voltage increase of about 50 volts for each step has been detennined to be 
optimal for the present invention. 

[00031] After each voltage increase the voltage is maintained until a sufficient decrease in 
current is realized. The more the current is allowed to decrease prior to the next voltage increase the 
better for efficiency of anodization yet a decrease is observed in productivity. It is preferred that the 
anode be maintained at voltage long enough to allow the current to decrease to less than 50% of the 
original current and more preferably less than 30% of the original current. The upper limit of hold 
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toe for cu-ren. decrease is based on efficiency. Allowing tt.e current U, decrease » 1%. or less, of 
toe original cu,r«,. is accep«ble ye. ^ loss in efficiency exceeds Ure advantages obtained. 1. is 
„„s. preferred tl.. the voltage be maintained a. each step for a time sufficiem to allow the cnrre^^ 

decrease to abon. .0-30% of .he original current Ms has been determined to be an optimal 
condidon be^veen suitable product and manufach^g efficiency. It has been found that a decrease 
to current to about 20% of the ori^l current a. each voltage step is optimum to achieve superior 
product performance with reasonable manufacnmng efficiency Tl>e current may be allowed to 
decreasetoalow level at the lastvoltage step inorder to ohtainaverylowleakage dielectric fihn. 

[000321 AS mentioned above, the foil, if etched to increase the microscopic surfcce area as 
usually done with capacitor anode toil, should be pre-h^ by immersion for a sh«t time (e.g. 5 
minutes) in hot or boiling water in order to produce a coating of hydrated oxide (pseudoboebmite) 
on the foU surface. Etched foil which is no, pre-hydrated and which is anodized in the electrolytes 
of the present invention tends to wrinUe or warp catastrophically at an applied voltage of 
approximately 250 volts. We have found that me warpmg of the foil with increasing voltage in the 
electrolytes of the preset invention may be ahnos. completely pr^ented by the foil pre-hydration 



Step. 



1000331 The process for manufacmring stacked foil capacitors is known in the art Etched foil 
coupons, suspended from process bars or held in anodizing 6ames. etc.. are first given a pre- 
hydrafionstep. TTre coupons are then immersed in an anodizing electrolyte of the present invention 

and are processed as described above. 

1000341 The anodized and rinsed coupons are then ready for processing into capacitors. 



10 

NPG\A.1:184066.1 J'-(JTG) 031433^28 



11 

[00035] The anodic dielectric layer prepared in accordance with the present invention 
demonstrated superior hydration resistance to those of the prior art. The hydration resistance is 
sufficient to essentially eliminate deterioration of the oxide which normally occurs during standing 
at low voltage or in an open circuit. It is a well-known technique in the art to overcome oxide 
deterioration by charging the capacitor to near working voltage during periods of low voltage or 
open circuit. This is typically referred to as a reformation charge. The necessity for a reformation 
charge is particularly detrimental to battery-operated devices such as medical implantable devices 
and the like. The reformation charge decreases the effective Ufe of the battery due to the non- 
therapeutic charging of the capacitor. 

[000361 A particularly preferred embodiment of the present invention is provided in Fig. 6. In 
Fig. 6, the device, generally represented at 1, comprises an electrical circuit, 2, which further 
comprises a capacitor. 3, of the present invention. A battery. 4, energizes the circuit to monitor, 
record, or provide a response through at least one lead, 6. The battery, circuit, capacitor and lead are 
all in electrical contact as well known in the art of devices. 

[00037] The device is any implantable medical device including particularly pace makers and 
heart defibrillators. The device is typically implanted in a patient and operates in a semi-self 
sufficient manner relying on battery charge. By incorporating a capacitor of the present invention 
the battery Ufe is extended thereby extending the time that an implantable device can be employed 
without battery maintanence. 
EXAMPLES 
Example 1 
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[00038] Figure 1 shows the results obtained with unetched aluminium foil coupons which were 
exposed to water at 95°C ±5°C for 5 minutes prior to anodizing. These coupons were anodized in 50 
volt steps in an electrolyte solution consisting of 0.05% dibasic potassium phosphate and 
approximately 1% water in glycerine at 95°C ±5°C. After each voltage step, the current was allowed 
to "age-down" to below 20% of the initial value at each voltage step before again raising the voltage. 
In this case the CV product of approximately 7 microfarad-voltsW is that commonly found for 
crystalline anodic aluminum oxide. There is no observed capacitance penalty for anodizing in the 
phosphate anodizing solution. 
Example 2 

[000391 hi order to determine the relative capacitance obtained at a given voltage, most 
conveniently expressed as the (capacitance) x (voltage) or CV product, electrolytes of the present 
invention were compared to traditional anodizing electrolytes. A series of pre-hydrated aluminium 
coupons were etched using a traditional chloride etching process to achieve an etch structure. The 
etched foil was anodized to various voltages in a stepwise manner. The capacitance of each coupon 
was then measured and the results expressed as CV product at each anodizing voltage. 

[000401 hiventive Example 2 was prepared by processing an etched aluminum foil in an 
electrolyte comprising about 0.01 to 0.1%, by weight potassium phosphate and glycerine with water 
content below about 2%. by weight. Each sample was subjected to an initial voltage, typically about 
100 V, and maintained at the initial voltage to allow the current to decrease to about 20% of the 
initial current. The voltage was then increased by about 50 V and maintained for an age down 
period. The voltage was sequentially increased and held until the final voltage was achieved. When 
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the final voltage was achieved voltage was maintained until the current was approximately 1 
mA/cm^. 

[00041] Comparative Example 3 was prepared in a manner similar to Example 3 wherein the 
etched aluminum foil was processed in an electrolyte comprising boric acid, water and ammonium 
pentaborate. Examples 2 and 3 were each subjected to 300V, 550V and 800V formation processes. 
The capacitance was determined and reported as a 10 cm^ coupon capacitance value. The CV 
product was determined, at the formation voltage, at various fi-equencies. The results are contained 
in Table 1. 



Table 1 





Hz 


100 


120 


1000 


10000 


100000 


300 V Formation 






Capacitance (uF/Coupon) 








Capacitance 


Example 3 


9.17 


9.06 


8.72 


8.34 


5.60 




Example 2 


10.61 


10.50 


9.47 


8.56 


5.46 








CV Product (V-uF/cm2) 








CV Product 


Example 3 


275 


272 


262 


250 


168 




Example 2 


318 


315 


284 


257 


164 




Hz 


100 


120 


1000 


10000 


100000 


550 V Fomnation 






Capacitance (uF/Coupon) 








Capacitance 


Example 3 


4.03 


4.01 


3.77 


3.65 


2.94 




Example 2 


4.49 


4.43 


4.00 


3.65 


2.82 








CV Product (V-uF/cm2) 








CV Product 


Example 3 


222 


221 


207 


201 


162 




Example 2 


247 


244 


220 


201 


155 




Hz 


100 


120 


1000 


10000 


100000 


800 V Formation 






Capacitance (uF/Coupon) 








Capacitance 


Example 3 


1.52 


1.50 


1.38 


1.32 


1.21 




Example 2 


2.29 


2.26 


2.02 


1.85 


1.54 








CV Product (V-uF/cm2) 








CV Product 


Example 3 


122 


120 


110 


106 


97 




Example 2 


183 


181 


161 


148 


123 



[00042] The results presented in Table 1 are reproduced in graphical form in the figures. In the 
figures the diamonds (□) represents results obtained firom Example 2 and the triangle (A) represent 
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Example 3. Figs. 2-4 contain a graphical representation of the CV Product (^iF-V/cm^) as a function 
of frequency (Hz) at 300 V, 550V and 800V respectively. In each case the improved capacitance is 
demonstrated for the inventive example. Figure 5 contains a graphical representation of the CV 
Product (nF-V/cm^) as a function of voltage (V) at a frequency of 120 Hz. The advantages of the 
inventive samples are clearly demonstrated to provide a higher capacitance. 

[00043] The demonstrated improvement in capacitance, as represented by the CV Product 
represents a substantial improvement in the art. An improvement of this magnitude is typically not 
observed except through multiple ciunulative improvements typically achieved over long periods of 
time. These improvements allow the formation of a capacitor which is highly resistant to the 
degradation associated with hydration of the oxide layer. The improved capacitor therefore allows 
the manufacture of devices, particularly implantable medical devices, which have extended battery 
Ufe. It is well known in the art that extended battery Ufe is a substantial benefit manifest as further 
miniaturization, extended periods between battery maintenance or combinations thereof both of 
which are a continuing demand in the art of implantable medical devices. 

[00044] The foil anodized using the methods and electrolytes of the present invention are 
comparable in capacitance (or CV product) to commercially anodized foil having a similar etch 
structure. There is no penalty, so far as capacitance is concemed, associated with the anodizing 
method and electrolytes of the present invention and improvements can be readily demonstrated. 

[00045] The invention has been described with particular emphasis on the preferred 
embodiments. It would be realized from the teachings herein that other embodiments, alterations, 
and configurations could be employed without departing from the scope of the invention which is 

14 

NPGVL1:184066.1-P-<JTG) 031433O0028 



15 

more specifically set forth in the claims which are appended hereto. 
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